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Abstract, 
Friction measurements were performed in the lubricant’s solid-state 
regime to study the transition from full-film lubrication, in which the 
separation is maintained by a solidified lubricant, to mixed lubrication. 
Special attention is paid to the influence of temperature (inlet viscosity) 
and roughness on this transition. 
The friction measurements showed that in the lubricants sol id-state region 
three lubrication modes can be distinguished: A) full-film lubrication; 
separation is maintained by a solid film (S-EHL), B) mixed lubrication (ML); 
the load is carried by the interacting asperities as well as the lubricant 
(acting like a solid or as a liquid) and C )  boundary lubrication (BL). 
Further, the dependency of the transition S-EHL to ML on temperature (inlet 
viscosity) depends on the lubricant used. The transition S-EHL to ML depends 
slightly more on roughness as found for L-EHL to ML transition. 
Finally, the film thickness formulas developed for EHL contacts in which the 
lubricant behaves as a liquid become doubtful when operating in the 
lubricant solid-state regime. This on the basis of the calculated film 
thickness over roughness ratios for the transition S-EHL to ML. 
1. Introduction. 
From literature it is known that 
lubricants behave as a function of 
temperature and pressure either as 
a liquid or as a solid, [ll. The 
classical EHL-theory, developed for 
the situation that the lubricant 
operates in the lubricants liquid- 
state regime, resulted into dia- 
grams by which it is possible to 
calculate the film thickness in 
lubricated concentrated contacts as 
a function of the operational con- 
ditions, see for instance [2l, [31 
and [41. 
Due to developments in design it is 
known that components of drives, 
etc. become smaller and that they 
have to carry the same or even 
higher loads. As a result the con- 
tact pressures bet ween these com- 
ponents are higher and therefore 
the rheological behaviour of the 
lubricants become more important, 
i.e. the lubricant’s solid-state 
behaviour. Also is known that for 
the transition from liquid-state 
behaviour to sol id-state behaviour 
the value of a*; is nearly con- 
stant, see [5] and 161. For mineral 
oils, for instance, the value for 
ct-E is equal to approx. 18.5 f 1, 
whilst for 5P4E this value is 10.0 
f 0.5. When this result, i.e. a 
constant value of ct-p, is plotted 
into the regime chart of Johnson 
[21 or of Moes [41, for mineral 
oils one obtains the result as 
presented in Figs. 1 and 2. In 
these Figs. the transition from 
liquid- to solid-state behaviour is 
represented by a dotted line. These 
Figs. show that a large part of the 
diagrams is covered by the solid- 
state behaviour of the lubricant. 
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roughness), see Fig. 3. 
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Figure 1. Regime chart of EHL [21. 
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Figure 2. EHL diagram by [41. 
From early research [61 on the 
transition between solid- and l i -  
quid-state behaviour of lubricants 
in concentrated contacts transi- 
tions were observed between full- 
film lubrication (S-EHL) and mixed 
lubrication (ML). It was found that 
this transition, i.e. S-EHL to ML 
occurred at very low values of h 
(ratio of film thickness over 
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Figure 3. Friction curve obtained 
in the lubricants solid-state regi- 
me. HVI-650: = 1.5 GPa, 8 = 80 C. 
In this figure three friction re- 
gions are distinguished; region L 
(L-EHL) where due to heat develop- 
ment the contact operates in the 
lubricant's liquid-state regime, 
region S (S-EHL) where the friction 
is controlled by the limiting shear 
stress of the lubricant (solid- 
state behaviour) and region ML, 
mixed lubrication, friction is con- 
trolled by the interacting asperi- 
ties and the lubricant. In region L 
and S no electric conductivity was 
measured, whilst in region ML 
electric conductivity was measured, 
i. e. asperity interact ion. 
In the present study the transition 
from region S-EHL to region ML is 
i nves t i gated . 
2. Experimental procedure. 
2.1. S-tribometer. 
Friction experiments were per- 
formed on a tribometer, see Fig. 4, 
in which a pin slides in a recipro- 
cative way against a stationary 
plate. 
The plate is held in a holder, 
mounted on a thermo-controlled heat 
exchanger, which in turn is suppor- 
ted by two steel blade springs 
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Figure 4. S-Tribometer. 
which only allow movement in sli- 
ding direction. The frictional 
force is measured by a piezo- 
electric force transducer. 
The pin is fixed in a loading arm, 
which is connected to the support. 
The pivot of this loading arm with 
support lies in the plane of the 
sliding contact. The support, 
guided by two cylindrical bars, 
supported by a system of 4 roll- 
blocks, is driven by a crank mecha- 
nism, by which the support and 
thereby the pin exerts a sinusoidal 
motion with an amplitude A = 23 mm. 
The max. velocity is; V = 2n-A.f, 
in which f is the frequency of the 
moving support. At the end of the 
loading arm a mechanical lift has 
been mounted on the frame. This 
lift makes it possible to control 
the length of contact between pin 
and plate during one cycle. As a 
result, the sliding velocity during 
contact is almost constant. 
By pressurizing the bellows on top 
of the support, the pin is loaded 
against the plate. The pressure is 
kept constant in the bellows by 
using a big air-accumulator, which 
is connected to the bellows. The 
bellows pressure is measured by an 
accurate manometer or a piezo- 
electric resistive transducer. With 
the signal from an electro-magnetic 
pickup both the frequency of the 
moving support is measured by means 
of a frequency meter and the number 
of cycles by an electro mechanical 
counter. The temperature of the 
lubricant and plate is measured 
with Ni-CrNi thermocouples. 
The frictional force, measured by 
the piezo-electric force trans- 
ducer, is recorded using a digital 
oscilloscope. In Fig. 5 the fric- 
tion force and the velocity during 
one cycle are schematically shown. 
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Figure 5. Friction and velocity du- 
ring one cycle. 
Fig. 5 shows that friction is zero 
during a part of the cycle and 
rises steeply when the roll does 
not make contact with the lift; 
contact between pin and plate is 
made. The frictional force de- 
creases very fast when the roll 
(connected with the loading arm) is 
lifted. 
2.2. Specimens. 
All specimens used were made of 
hardened (HRc M 63) steel AISI- 
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52100. The pins were balls from 
roller bearings. The plates were 
made from AISI-52100, hardened and 
subsequently grinded and polished. 
Before each experiment the speci- 
mens were rinsed in an ultrasonic 
cleaner with ethane and subse- 
quently dried in hot air. The 
roughness of the specimens were 
measured (cut-off length 0.8 mm) by 
using an interference microscope, 
Promap 512. 
2.3. Lubricants. 
The experiments were performed 
using a mineral oil HVI-650 and a 
polyphenol ether 5P4E as lubri- 
cants. In the appendix some proper- 
ties of these fluids are given. 
2.4. Procedure. 
A friction experiment is con- 
ducted under constant operational 
conditions of pressure and tempe- 
rature while changing the velocity. 
By the right combination of pres- 
sure and temperature the friction 
experiment is performed in the 
lubricants solid-state regime. Each 
measured friction value is obtained 
after a sliding time of at least 5 
mi nut es . 
3. Experimental results. 
3.1. Friction curves. 
The result of a friction experi- 
ment performed with HVI-650 is 
given in Fig. 6, where the coeffi- 
cient of friction is presented as a 
function of the velocity. Fig. 6 
shows the different lubrication 
regions, i.e. Region L - L-EHL, 
Region S the afore mentioned S-EHL, 
Region ML - mixed lubrication, and 
Region BL - boundary lubrication. 
When performing an experiment with 
5P4E one obtains Fig. 7. In this 
figure a transition can be recog- 
nized from region S, where the 
coefficient of friction is equal to 
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Figure 6. Friction as a function of 
velocity operating in the solid- 
state regime of HVI-650. 
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Figure 7. Friction as a function of 
velocity operating in the solid- 
state regime of 5P4E. 
zl/p, to values characteristic for 
locally unlubricated contact. In 
this investigation 5P4E is used to 
discriminate the transition full- 
film to mixed lubrication very well 
due to the fact that 5P4E does not 
form good boundary layers. Thus, 
when asperity interaction takes 
place, friction immediately rises 
to high values. In these situations 
a high electrical conductivity is 
measured, indicating metallic con- 
tact between the opposing surfaces. 
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3.2. Influences of temperature and 
The temperature was changed, 
while operating in the lubricants 
solid-state regime, to study the 
effect of the lubricant viscosity, 
in the inlet, on the transition 
S-EHL and ML. The temperature is 
expected not to have much influence 
on the properties in the contact, 
the dependency of the limiting 
shear stress on temperature is 
small. In Fig. 8 the results are 
given of HVI-650 and 5P4E. 
roughness. 
lo* 
In Fig. 8 the transition velocity 
S-EHL to ML is plotted as a 
function of (inlet) viscosity. From 
this figure it follows that the 
transikion lines can be expressed 
by V-r)  = const., the value of n is 
equal to -1 and -4 for HVI-650 and 
5P4E respectively. This means that 
the transition S-EHL to ML using 
5P4E is much more sensitive with 
respect to temperature (viscosity) 
then HVI-650. This might be caused 
by solidification aspects of 5P4E 
in the inlet. The power of -1 for 
HVI-650 is in line with results 
obtained from experiments performed 
in the lubricants liquid-state 
regime [51. 
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Figure 8 .  Transition velocity S-EHL 
to ML as a function viscosity for 
a) HVI-650 and b) 5P4E. 
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Figure 9. Transition velocity as a 
f unc t ion of roughness. 
In Fig. 9 the effect of roughness 
on the transition velocity S-EHL to 
ML is given. Thesen results can be 
expressed by V-R, = const.. For 
both lubricants a value for n of 
approximately 2 is found. This 
result shows that the transition 
S-EHL to ML is slightly more 
dependent on roughness than the 
transition L-EHL to ML. 
4. Discussion. 
The results show that the tran- 
sition S-EHL to ML with 5P4E 
strongly depends on ( inlet 1 
temperature. From the work of Gecim 
and Winer 171 it is known that 5P4E 
may solidify already in the inlet. 
Decreasing temperature increases 
the solidified area in the inlet. 
As a result a thicker film or 
separation may exists between the 
two opposing surfaces 171. There- 
fore, a much lower velocity is 
needed before contact between the 
two opposing surf aces occurs. 
The results obtained with respect 
to the influence of temperature on 
the transition S-EHL to ML with 
HVI-650 is in line with results 
obtained under liquid-state behavi- 
our conditions, i.e. V-r) = const.. 
However, the calculated lambda 
ratio’s for the transition S-EHL to 
ML give very low values, down to 
0.08. In table 1 the range of 
calculated f i lm thickness [ 8 I over 
roughness values are given. 
Table 1: h ratios for the transi- 
tion S-EHL and ML. 
r 0.08 - 0.42 0.22 - 4.0 
Normally, i.e. such operational 
conditions that the lubricant 
behaves like a liquid, A values for 
the transition L-EHL to ML of 1 are 
expected, [91. For the very first 
asperity interactions a value of h 
of 3 is assumed [91. From table 1 
it is clear that under solid-state 
behaviour of the lubricant this 
definition does not hold. On the 
basis of these results it is con- 
cluded that the well known film 
thickness formulas developed for 
the L-EHL became doubtful for the 
S-EHL. To the authors opinion it is 
necessary to analyze the rheolo- 
gical models for lubricants opera- 
ting under conditions of solid- 
state behaviour in order to obtain 
the right predictions of film 
thickness under these conditions. 
The dependency of the transition 
S-EHL to ML on roughness is 
slightly higher than for the 
transition L-EHL to ML. For the 
transition L-EHL to ML a value for 
n of 1.5 is found [51. The results 
of the experiments described in 
this article give a value for n of 
approx. 2 for the transition S-EHL 
to ML. The roughness varied in 
these experiments from 0.03 to 0.07 
Fm, which is rather small. 
5. Conclusions. 
On the basis of the experiments 
performed the following conclusions 
can be drawn: 
In the lubricants solid-state 
region three lubrication modes 
can be distinguished: 
o Full-film lubrication; separa- 
tion by a solid film (S-Em). 
o Mixed lubrication (ML); the 
lubricant behaves like a liquid 
or as a solid. 
o Boundary lubrication (BL); the 
lubricant behaves like a li- 
quid. 
The dependency of the transition 
S-EHL to ML on temperature (inlet 
viscosity) depends on the lubri- 
cant used. 
The transition S-EHL to ML de- 
pends slightly more on roughness 
as found for the L-EHL to ML 
trans i t ion, 
The film thickness formulas de- 
veloped for EHL contacts in which 
the lubricant behaves as a liquid 
become doubtful when operating in 
the lubricant solid-state regime. 
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Nomenc 1 at me. 
- 
P Mean Hertzian contact 
pressure. [Pal 
R* Reduced radius [ ml 
R a  Combined CLA surface 
roughness , 
Ra = (hp+Ra&1’2 [ml 
V Ve 1 oc i t y . [ d s l  
- 
=1 Limiting shear stress [Pal 
CI Coefficient of friction [-I 
Appendix: Lubricant properties. 
Limiting shear stress and pressure. 
L i t erat ure * 
fl/p 4OoC 
Measured** 
fl/p 4OoC 
SANTOVAC-5 HVI-650 
5P4E 
6.8. 9.0- 
( 40- 100°C) 
8.7. 9.2. 
- 8.6- 
Liquid- to solid-state transition. 
~ 
SANTOVAC-5**HVI-650** 
5P4E 
I a-6 I 10.0 f 0.5 18.5 f 1 
L I 
Evans, [lo]. 
Schipper, E l .  
* 
** 
r) Viscosity. [Pa. sl 
e Temperature. [ OCI 
